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Abstract 
The thin-film Cu-chalcopyrite based solar cell technologies become more attractive due to their lower cost and optimal 
performance. Efficiency of cells with a large area might be maintained if small segments are interconnected in series in 
order to reduce photocurrent in thin films and resistance losses, and laser scribing is crucial for performance of the device. 
We present our results on the material lift-off effect investigations in the CZTS thin-film solar cell structures which can be 
applied for the damage-free front-side scribing processes. The results of the P2 and P3 type scribe formation with the 
fundamental harmonics of a picosecond laser are presented. 
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1. Introduction 
Continued growth of thin-film based photovoltaic market stimulates development of various solar cell 
technologies on flexible and rigid substrates. Cu-chalcopyrite based solar cells such as CuInSe2 (CIS), 
Cu(In,Ga)Se2 (CIGS) and Cu(In,Ga)(S,Se)2 (CIGSSe) are the most efficient thin-film technologies in 
converting the sunlight into electricity. On the other hand, the commercialized high-volume production of 
CIGS-based modules has some limitations due to the scarcity of In and Ga metals and the environmental 
issues associated with Se (Katagiri et al., 2009). To mitigate the possible future effects of In scarcity on the 
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TW-scale deployment, it has been proposed that CIGS can be replaced by Cu2ZnSn(S,Se)4 (CZTS) kesterite 
compound keeping the same photovoltaic device structure (Repins et al., 2012). This technology shows 
efficiencies up to 11.1 % (Todorov et al., 2012) for small-scale devices, although large scale applications 
require the same technological solutions as CIGS in terms of serial interconnections.  
The manufacturing costs and CZTS cell efficiency are critical factors for the wider applicability from 
economical point of view. Efficiency of thin-film solar cells with a large active area might be maintained if 
small segments are interconnected in series in order to reduce photocurrent in thin films and resistance losses, 
and laser scribing is crucial for performance of the device. Previous investigations revealed some 
disadvantages of the direct laser ablation technique. Even working with ultra-short pulsed lasers, it is almost 
impossible to avoid the melted area formation at edges of the laser scribed trenches and degradation of the 
device electrical properties (Gecys et al., 2011 ,Gecys et al., 2012).  
We proposed the laser-induced material lift-off process for the front-side scribing of the CZTS solar cells. 
Using a proper laser wavelength, it is possible to control laser energy coupling in the complex layer structure. 
High absorption at the inner interface between layers triggers localized rapid temperature rise which facilitates 
her than their evaporation. This material lift-off process enables to process 
because all the laser affected material is mechanically removed from the laser 
ablation area ( ). 
2. Experimental 
Fundamental harmonics of the picosecond laser (Atlantic, 1064 nm, 10ps, 50-500 kHz, from EKSPLA) 
was used in the ablation and scribing experiments. Experimental setup includes the laser, electro-optical 
shutter, non-linear crystal for wavelength conversion, beam expander and galvanometer scanner (ScanLab) 
with 80 mm focusing objective for 1064 nm wavelength. 
Two types of multilayer structure of the CZTS solar cells were investigated: (i) complete structure 
consisting of the resistive/conductive bi-layer ZnO top-contact, Cu2ZnSn(S,Se)4 absorber layer, 1 μm 
thickness molybdenum back-contact and soda-lime-glass (SLG) as a substrate, (ii) incomplete CZTS/Mo/SLG 
solar cell structure without a top-contact. The thickness of the absorber layer was 1.3 μm for both samples. 
More detailed description of the samples can be found in (Repins et al., 2012 ,Vora et al., 2012). 
Our developments were concentrated on the P2 and P3 processes, the front-side scribing of the films to 
expose the molybdenum back-contact by selectively removing of the CZTS layer for P2 process and both the 
top-contact and CZTS layers for P3 process. The quality of processing was controlled with optical and 
scanning electron microscopes. 
3. Results and Discussion 
3.1. Single pulse ablation of the CZTS thin-films 
Single pulse ablation experiments were performed on thin-film CZTS structure to find optimal conditions 
for the molybdenum back-contact exposure in both P2 and P3 processes. Laser pulse energy, beam focus 
offset and pulse overlap were varied during the tests. While working in the focus position with spot size of 
22.8 μm, the high energy laser pulses damaged the molybdenum back-contact in the structure without TCO 
leaving extensive melt of the absorber layer. No pealing of the top-layer was observed. By increasing focus 
off-set the damaged CZTS area started to lift-off partially by exposing the molybdenum layer. When a 
sufficient focus off-set was reached, constant and high repeatability lift-off craters were formed (see Fig. 1). 
Observations of the laser exposed craters showed flake formation in the surrounding areas indicating 
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mechanical layer removal process. The minimum diameter of laser exposed area in the complete 
ZnO/CZTS/Mo/SLG structure was in the range of 35-40 μm which corresponds to laser processing with a 
spot size of ~36 μm. In the incomplete structure of CZTS/Mo/SLG, the minimum diameter of the Mo exposed 
area was two times larger and was 78 μm with laser spot size of 73 μm. This behavior could be related to the 
mechanical properties of the CZTS and top-contact layers.  
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Fig. 1. Relationship between the molybdenum exposed area and the laser focus off-set for both CZTS/Mo/SLG (red dots) and 
ZnO/CZTS/Mo/SLG (black dots) structures. Upper red numbers at the x axis indicates the laser spot size, black numbers indicate the 
focus off-set. 
  
(a) (b) 
Fig. 2. SEM images of exposed molybdenum back-contact in : (a) incomplete CZTS/Mo/SLG solar cell structure: 46 μJ laser pulse 
energy, +1200 μm focus off-set, single shot. (b) complete ZnO/CZTS/Mo/SLG structure, 32 μJ laser pulse energy,  +500 μm focus off-
set, single shot. 
3.2. Scribing of thin-film solar cells 
Detailed examination with optical and scanning electron microscopes (SEM) revealed a high quality of the 
picosecond laser processed area. The layer removal mechanism was mechanical due to compressed gas 
formation at the CZTS-Mo interface and all the laser affected material was removed from the irradiation area 
by spallation effect. This helped to minimize the thermal effects to the thin-film structure which is normally 
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present even at picosecond pulse time scale. Optimum crater formation parameters were used for P2 trench 
scribing and it showed promising results (see Fig. 2). Patterns had sharp edges, and no melt area formation 
was observed (see Fig. 3). Since layer removal was performed with a single picosecond laser pulse, scribing 
process speed can only be limited by the laser repetition rate and system scanning speed. In our experiments 
the scanning speed was limited up to 1 m/s at laser repetition rate of 12 kHz and laser pulse energy of 15 μJ 
for the P2 process. The layer removal efficiency was significantly higher compared to the direct laser ablation, 
and the P2 process scribing speed of 8 m/s could be easily realized only with 1.5 W @ 100 kHz from the 
picosecond laser source for the CZTS/Mo/SLG structure. 
 
   
(a) (b) 
Fig. 3. SEM image of the P2 scribe in CZTS/Mo/SLG sample: 15 μJ laser pulse energy, 12 kHz pulse repetition rate, 1000 mm/s 
scanning speed, +1200 μm focus off-set. 
Scribing of the full ZnO/ CZTS/Mo/SLG structure was also possible with the picosecond laser induced 
material lift-off effect. P3 patterns had sharp edges with narrow areas of the exposed CZTS layer. Three times 
higher laser pulse energy was needed to lift-off both the ZnO top-contact and the CZTS absorber compared to 
the P2 scribing. The P3 process speed was also limited up to 1 m/s by our scanning system, although the used 
laser can support the scribing speeds up to 10 m/s. 
 
   
(a) (b) 
Fig. 4. SEM image of the P3 scribe in ZnO/CZTS/Mo/SLG sample: 45 μJ laser pulse energy, 10 kHz pulse repetition rate, 1000 mm/s 
scanning speed, +1200 μm focus off-set. 
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4. Conclusions 
The material lift-off process occurred in the CZTS thin-film when the sufficient area was irradiated with 
the picosecond laser. The minimum diameters of the material lift-off areas were 78 μm and 40 μm for P2 and 
P3 processes, respectively. This behavior could be related to the mechanical properties of the CZTS and top-
contact layers. 
Scribing of the CZTS thin-film solar cell structure was also possible with the picosecond laser induced 
material lift-off effect. Both P2 and P3 patterns had sharp edges without any melt formation or back-contact 
damage. All the laser affected material was removed mechanically by the layer spallation effect. 
The laser induced material lift-off scribing of the CZTS thin-film solar cells enabled to reach efficient and 
fast scribing process. The industrial grade scribing speeds up to 8 m/s with a low power 4.5 W 100 kHz 
picosecond laser could be realized for both P2 and P3 processes. 
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